Double photoionization spectra of the CS 2 molecule have been recorded using the TOF-PEPECO technique in combination with synchrotron radiation at the photon energies h = 220, 230, 240, 243, and 362.7 eV. The spectra were recorded in the S 2p and C 1s inner-shell ionization regions and reflect dicationic states formed out of one inner-shell vacancy and one vacancy in the valence region. MCSCF calculations were performed to model the energies of the dicationic states. The spectra associated with a S 2p vacancy are well structured and have been interpreted in some detail by comparison to conventional S 2p and valence photoelectron spectra. The lowest inner-shell-valence dicationic state is observed at the vertical double ionization energy 188.45 eV and is associated with a ͑2p 3/2 ͒ −1 ͑2 g ͒ −1 double vacancy. The spectrum connected to the C 1s vacancy shows a distinct line at 310.8 eV, accompanied by additional broad features at higher double ionization energies. This line is associated with a ͑C 1s͒ −1 ͑2 g ͒ −1 double vacancy.
I. INTRODUCTION
Double ionization photoelectron spectroscopy ͑DIPES͒ is a powerful method for obtaining information about both the dicationic states themselves and the probability with respect to different available response channels for emission of two electrons from a system by the absorption of a single incident photon. DIPES is based on detection in coincidence of two electrons that are created in the same process, and the method used in the present investigation is called time-of-flight photoelectron-photoelectron coincidence ͑TOF-PEPECO͒ spectroscopy. Since it was introduced in 2003 ͑Ref. 1͒ this method has been applied to a number of atoms and molecules, and much new data have been acquired ͑cf. Refs. 2-9 and references therein͒. Coincidence detection is necessary in order to identify outgoing electrons from the same ionization event, since they can share the available energy arbitrarily.
If the orbitals of the CS 2 molecule are subdivided into inner-shell orbitals ͑io͒ and valence orbitals ͑vo͒, three types of fundamental characteristic final state electron configurations associated with very different energies can be envisioned: ͑io͒ −2 , ͑io͒ −1 ͑vo͒ −1 , and ͑vo͒ −2 . For assignments of spectra using qualitative arguments, rather different methods apply to the states derived from these three types of configurations. In the present case, we have obtained spectra associated with ͑io͒ −1 ͑vo͒ −1 final state configurations and the analysis will be made using the generally accepted ground state valence electron configuration of CS 2 , which is 10, 11 
We will presume that the C 1s and S 1s, 2s, and 2p inner-shell orbitals are primarily atomic-like, as has been found to be a good approximation in previous investigations. [12] [13] [14] This study of the CS 2 molecule is a part of a series of investigations aiming at a better characterization of the electronic structure and interaction with radiation of this molecule and of sulfur containing molecules in general. The systematic investigation involves inner shells and valence shells as well as different charge states and different types of ionization processes including also resonant processes. 15 The present study focuses on the S 2p and C 1s states ͑io͒ and the valence states ͑vo͒, which have all been investigated separately in previous studies by photoelectron spectroscopy using both line sources and synchrotron radiation. 10, 11, [14] [15] [16] 
II. EXPERIMENTAL DETAILS
The experiments were performed at beamline U49/2-PGM-2 ͑Ref. 17͒ at BESSY-II, Berlin, using a magnetic bottle time-of-flight electron spectrometer designed for coincidence measurements. The spectrometer has a flight tube with a length of 2.2 m, and it can detect electrons emitted with kinetic energies from zero to several hundred eV over essentially the whole solid angle. More detailed descriptions of the multielectron coincidence technique and the present instrument are given in Refs. 1 and 18-20 and Refs. 20-22, respectively. In the present investigation, the flight times of two electrons originating from the same ionization process were measured with a time reference set by the ionizing photon pulse of the ring. [18] [19] [20] The storage ring was operated in single bunch mode, which provides 30 ps light pulses at an interpulse period of 800.5 ns. 23 Data were recorded at the photon energies 220, 230, 240, 243, and 362.7 eV, which are well above the thresholds for creation of the S 2p hole and, the latter one, above the threshold for the C 1s hole along with a vacancy in a valence shell. The stated photon energies may deviate by at most 300 meV from the true values due to some uncertainty in the monochromator energy. The monochromator was set to a resolution of 0.3 eV or better.
The energy resolution of the instrument goes from approximately 20 meV at the lowest kinetic energies to a nearly constant numerical resolution of about 50 at high kinetic energies. The time-to-energy conversion was calibrated using Kr 3d photoelectron lines 24 recorded at various photon energies. CS 2 gas was obtained from a commercially available liquid sample with a stated purity of Ͼ99.5%. It was introduced to the interaction region of the spectrometer after degassing by repeated freeze-thaw cycles, and its purity was verified by the recording of valence photoelectron spectra.
III. THEORETICAL DETAILS
As for single core hole states, there are some particularities associated with core-valence double hole states which have implications for their calculations and which set strong restrictions on the choice of the computational procedure with respect to normal ͑multiple͒ valence hole states. One such particularity is variational collapse, another is that although in a finite basis representation the number ͑index͒ for the core-valence hole state is finite, it is unpredictable a priori. For wave functions parametrized in terms of orbitals ͑orbital rotations͒ and electronic configurations ͑determi-nants͒ the problem of variational collapse can be divided into an orbital part and a configurational part. We apply a twostep, second order, optimization procedure for the corevalence states that solves the orbital part of the collapse problem as given in Ref. 25 ͑see also applications for single core hole states in Ref. 26͒. It consists of an intermediate optimization step with the core orbital frozen that brings the wave function to the local, quadratically convergent region. This intermediate frozen-core optimization step takes the expansion point down to the local region in the full ͑all orbital͒ variational space. It is followed by a second optimization step taken by a straight Newton-Raphson minimization toward the stationary point including relaxation also of the core orbital. This second optimization step finds in all normal cases the proper ⌬MCSCF ͑multiconfiguration selfconsistent field͒ solution including the open core orbital without variational collapse ͑see Refs. 25 and 26͒. In the configurational space the variational collapse is avoided by imposing single occupancy restrictions for the core orbital as the interaction between empty, single and double core occupation states are negligible by virtue of their huge energy separations. This can be accomplished using the restricted active space ͑RAS͒ technology, 27, 28 where, in the present case, the RAS1 space encompasses one orbital, the core orbital, with one and only one electron, while RAS2 is used for complete electron distributions among valence levels except for the ionized valence orbital that forms the RAS3 space with one and only one electron. The RAS2 space is governed by occupation number criteria given by perturbation theory. 29 For symmetry delocalized core orbitals we apply symmetry broken solutions, as these solutions are energetically preferential using CAS or RAS wave functions. 30 The localization of the core orbital is made in a precalculation, followed by the freeze-relax procedure in the RAS calculations, maintaining localization in the two steps. We note that physical localization and symmetry breaking in the S 2p case is not an electronic effect ͑the full symmetry is always restored in a full electron correlation calculation of the core hole state͒, 30 but rather the effect of electrovibrational coupling-a pseudo-Renner-Teller effect-which is the general rule for core hole states in species with the possibility of coupling over antisymmetrical modes ͑here the antisymmetric C-S stretch͒. CS 2 is in this respect fully compatible with the wellknown CO 2 case. 31, 32 For a very recent study on this subject, please see Ref. 33 .
The multiconfiguration self-consistent field ͑MCSCF͒ calculations were performed to model the double ionization thresholds of each spatial symmetry in molecular CS 2 . The molecular symmetry was utilized using D 2h and C 2 point groups for C 1s and S 2p vacancies, respectively. To obtain proper core hole localization, inversion symmetry was not applied in the calculations of the ͑S 2p͒ −1 states. Thus the gerade-ungerade states appear as lowest and first excited states in ⌺ and ⌸ symmetries. The neutral ground state, singly core ionized states, and the core-valence doubly ionized states were optimized with active spaces ͑2,2,2,1,2,2,2,1͒ and ͑4,4,4,2͒ where inactive cores ͑5,1,1,0,4,1,1,0͒ and ͑9,2,2,0͒ corresponding C 1s, C 2s and S 1s, S 2s, S 2p, and S 3s orbitals were assumed. In case of ionized states the RAS method 28 was used to model the core hole vacancy where the core hole orbital formed RAS1, the valence hole orbital formed RAS3, whereas RAS2 was the active valence space as before. We have also designed an "independent particle," open-shell Hartree-Fock wave function as reference, with the same RAS division as above but with an empty RAS2 space ͑all valence electrons, except the one ionized is in the inactive space͒. This space thus generates one configuration state function for the singlet and one for the triplet.
The rearrangement of the molecular core after photoionization was taken into account by allowing core relaxation for the core and core-valence ionized states. In case of S 2p core vacancy, the spin-orbit splitting was taken from Ref. 14. In this case we have neglected the coupling of core and valence holes as the exchange integrals were small causing a typical singlet-triplet split of 0.1-0.15 eV except for the g hole state ͑1.84 eV͒. The triplet states were always the lower ones and have been used to generate the given energies for the states. The larger value of the singlet-triplet splitting of the g valence vacancy may be due to convergency problems associated with the calculation of the g singlet state. 34 All calculations were performed by DALTON, a molecular electronic structure program ͓Release 2.0 ͑2005͒; see http:// www.daltonprogram.org͔. The calculations were performed utilizing two double zeta and triple zeta augemented correlation consistent basis sets with polarizing functions to study the goodness of the one electron basis; 35 first the aug-cc-pCVDZ 36, 37 and finally the aug-cc-pCVTZ 36,37 basis sets were used. Improving the basis set caused changes in double ionization energies of less than 0.3 eV. Figure 1 shows overall double ionization photoelectron spectra of the CS 2 molecule associated with final state configurations of the type ͑S 2p͒ −1 ͑vo͒ −1 . The photon energies used were 220, 230, 240, and 243 eV, for which the measured individual electron kinetic energies are around 0-40 eV. The electrons emitted in the double ionization process are found to preferentially share the available energy in an unequal manner, one carrying a high and the other a low kinetic energy. Over the energy interval chosen, the spectra show many lines or structures as well as a more or less continuous, slightly structured intensity distribution at double ionization energies higher than 198 eV. For these spectra, double ionization energies of the two emitted electrons have been determined based on the conservation of the total energy, i.e., the measured total kinetic energy subtracted from the photon energy. Table I gives the energies, relative intensities ͑peak heights͒ and widths that have been determined along with assignments according to the following discussions.
IV. RESULTS AND DISCUSSION

A. S 2p-valence DIPES
The S 2p core-valence spectrum recorded at 220 eV photon energy is shown in Fig. 2 along with the ͑S 2p͒
DIPES energies obtained by calculations. The MCSCF energies were obtained as the difference between the dicationic MCSCF energy and the ground state energy. When the lowest −1 states from the calculations are compared to the experiment, the MCSCF DIPs are seen to be shifted notably, 1.69 eV, down in energy. This underestimation of the appearance energy for core-valence ionization can, to a large extent, be ascribed to core-core correlation in the ground state. We obtained MP2 correlation energies related to the ground state core orbitals by a stepwise procedure of increasing the num- 2 . The S 2p-valence double photoionization spectrum ͑labeled "DIPES"͒ of the CS 2 molecule obtained using the photon energy h = 220 eV. The interpretation given in the figure is based on the S 2p hole being either 3/2 or 1/2 coupled. A simulated spectrum ͑labeled "valence"͒ based on the UV photoelectron spectrum ͑narrow lines͒ constructed as described in the text is also included. The first line of this spectrum is adjusted to the same energy as the corresponding line of the experimental spectrum. Calculated MP2 core-core correlation corrected MCSCF energies ͑see text and Table II͒ and their assignments are shown above the experimental spectrum ͑for details, see text͒.
ber of orbitals subject to MP2 perturbation in the uncontracted cc-pCVTZ basis. 36, 37 The change related to each orbital was taken as correction to the ground state core correlation energy and its absolute value as a correction to the DIP for the core orbital. For the S 2p orbitals a value of 1.78 eV was obtained, and the correction covers the previously mentioned shift, actually overestimating it a little. The calculated MCSCF energies are listed in Table II where the MP2 core-core correlation corrected MCSCF energies are presented within parentheses.
After applying the MP2 correction and the spin-orbit splitting, the agreement between the calculated and experimental line positions improves considerably ͑cf. Fig. 2͒ . The ͑S 2p͒ −1 ͑vo͒ −1 DIPES can be qualitatively considered as a superposition of two similar spectra separated by the energy of the spin-orbit splitting of 1.27 eV of the S 2p hole states 14 and with an expected relative intensity ratio of 2:1.
The lower part of Fig. 2 ͑labeled valence͒ shows a simulated spectrum obtained as a sum of two ordinary photoelectron spectra, recorded at a photon energy of 67 eV ͑cf. Ref. 15͒, shifted by 178.34 and 179.61 eV, respectively ͑i.e., they are separated by 1.27 eV͒, and with an intensity ratio of 2:1. This spectrum was broadened by a Gaussian function with full-width-at-half-maximum ͑FWHM͒ of 0.65 eV each, and an intensity ratio of 2:1. Apparently, there is a good correspondence with the experimental spectrum although the latter seems to become reduced in intensity with increasing double ionization energy. This behavior is possibly related to a decrease in cross-section for the double ionization with lower excess energy. Differences from the ordinary valence photoelectron spectrum as concerns the relative intensities of the bands may generally arise both due to the complexity of the double ionization process and the particular localization of the valence orbital involved in each final dicationic state.
The observation of a similarly good agreement between such a simulated spectrum and the core-valence spectrum has been reported before for the O 2 case, 20 where it was interpreted in the sense that the core-valence interaction is principally of Coulombic origin, and that details of the hole-hole coupling, e.g., related to localization, are of secondary importance in such small molecules. Since the binding energy of the S 2p 3/2 electron is approximately 169.87 eV ͑here we use the arithmetic mean value of the two molecular field components of the ͑S 2p 3/2 ͒ −1 2 P 3/2 state; 14 see also below͒ the corresponding core-valence interaction energy is of the order of 8.5 eV. The first line in the ͑S 2p͒ −1 ͑vo͒ −1 spectrum of Fig. 2 , appearing at 188.45 eV, is the strongest single line of the spectrum. On energetic grounds it can be readily associated with a ͑S 2p 3/2 ͒ −1 ͑2 g ͒ −1 double vacancy, which is verified by the calculations. The singlet-triplet splitting in the calculations neglecting spin-orbit interaction is small, indicating a small exchange integral and a weak correlation between the core hole and the valence vacancy. The high intensity could possibly be explained by the double degeneracy of the orbital and also by the localization of the orbital on the sulfur atoms, 14 which gives a favorable transition probability in a single center approximation. The FWHM of this line is 0.80 eV, which does not allow resolution of any vibrational fine structure, such as has been observed in the conventional photoelectron spectra for both the ͑S 2p 3/2 ͒ −1 ͑cf. configuration support vibrational levels, as has been shown previously using the original 5.6 m TOF-PEPECO instrument 3 but at much lower photon energies. Since also the S 2p photolines are narrow enough to show vibrational structure, the increased width cannot be explained by lifetime limitations but could be ascribed to the increase in kinetic energy in the present spectra as well as in the Auger electron spectra. Alternatively, since both the 1 and 3 modes could be excited, vibrational congestion may give a possible explanation for the observed line width, and molecular field interaction could also be important in the present context. According to the above, the second line observed at the double ionization energy 189.72 eV is due to the ͑S 2p 1/2 ͒ −1 ͑2 g ͒ −1 double vacancy. The width ͑FWHM͒ of the line is about 0.64 eV, which is 0.16 eV smaller than that of the lowest lying line. This difference can be explained by the molecular field, which is known to split the ͑S 2p 3/2 ͒ −1 2 P 3/2 cationic state into two molecular states, 2 E 3/2 and 2 E 1/2 , by about 0.13 eV, 14 whereas the ͑S 2p 1/2 ͒ −1 2 P 1/2 cationic state, of course, is a single 2 E 1/2 molecular state. It should be noted that the molecular field splitting of the 2p states refer to the fact that z and x,y components of these levels experience differently the anisotropy of the molecular fields.
The third line of the spectrum appears at 191.3 eV, which is 2.8 eV above the ͑S 2p͒ −1 ͑vo͒ −1 double ionization threshold. This energy difference is the same as the splitting observed between the X 2 ⌸ g and A 2 ⌸ u states of the valence photoelectron spectrum, 10, 11 which supports an interpretation in terms of a ͑S 2p 3 considering the comparatively large width of the A 2 ⌸ u state photoelectron band due to substantial vibrational excitations.
The fourth line of the spectrum in Fig. 2 is centered at 192.5 eV. At this energy states associated with the ͑S 2p 1/2 ͒ −1 ͑1 u ͒ −1 and ͑S 2p 3/2 ͒ −1 ͑5 u ͒ −1 configurations are expected as indicated in Fig. 2 . A non-negligible intensity could also be due to states connected to ͑S 2p 3/2 ͒ −1 and satellite 1 at 14.09 eV of the photoelectron spectrum. The ͑5 u ͒ −1 valence hole state is reflected in the conventional photoelectron spectrum by a narrow line at 14.47 ͑Ref. 11͒ and could be expected to appear as a comparatively narrow line also in the present spectrum, as indeed observed using the photon energies 220, 230, and 243 eV.
Transitions to ͑S 2p 1/2 ͒ −1 ͑5 u ͒ −1 state are expected to appear in the range of the next peak with a maximum at 193.9 eV. In this double ionization energy region, but at slightly higher energy, also the ͑S 2p 3/2 ͒ −1 ͑6 g ͒ −1 transition should give rise to some intensity. The calculated lowest ͑S 2p 1/2 ͒ −1 ͑͒ −1 state appears at this energy with a small shift, confirming the assignment.
The broad double peak structure between 194 and 198 eV obviously acquires some intensity from transitions to the ͑6 g ͒ −1 dicationic states and probably states connected to ͑S 2p͒ −1 and satellite 2 configurations of the photoelectron spectrum. The two peaks observed are produced by the calculations as the spin-orbit components of the first excited −1 state. Figure 3 shows the DIPES measured for a C 1s hole along with a vacancy among the valence orbitals. In the spectrum, a single well defined peak is observed at 310.8 eV followed by two maxima at 315.9 and 317.8 eV ionization energies. There are also indications of weak maxima at 313.3 and 314.8 eV, but the statistics are insufficient for definite conclusions. The double ionization energies and peak heights are listed in Table III . In the figure, the MP2 core-core correlation corrected MCSCF energies are indicated above the experimental spectrum. These energies ͑cf. Table IV͒ were obtained by calculating the energy difference between the MCSCF energies of the doubly ionized states and the ground state, adding the MP2 correlation correction for the C 1s core orbital, as described in Sec. IV A. The single ionization threshold of 292.9 eV for C 1s was obtained by ordinary MCSCF, the experimental C 1s ionization energy being 293.1 eV. 38 The MCSCF double ionization energies involving the g ͑singlet and triplet͒ states lie approximately 1.2 eV below the first peak in the DIPES, and the obtained MP2 correction for C 1s core, 1.28 eV, recovers the shift seen in the MCSCF ͑C 1s͒ −1 ͑2 g ͒ −1 energy. The MP2 corrected MCSCF energies are given in parentheses in Table IV .
B. C 1s-valence DIPES
We note that the MCSCF transition energies are considerably lower than the open-shell Hartree-Fock values ͑cf. Table IV͒ , by 2 to 3 eV, indicating that a considerable part of the difference in correlation energy between the ground and final states are caught by the MCSCF wave function. In our model we also neglected zero point vibrational corrections amounting perhaps to a few tenths of an eV.
Akin to Fig. 2 , a simulated spectrum ͑labeled valence͒ is included in the lower part of the figure, obtained by shifting the ordinary photoelectron spectrum, recorded at a photon energy of 67 eV ͑cf. Ref. 15͒, by 300.69 eV, and using otherwise the same parameters as for the S 2p case. The peak width is approximately 0.8 eV, which is the same as for the peak associated with the ͑S 2p 3/2 ͒ −1 ͑2 g ͒ −1 state in the S 2p related spectrum. The first line in the spectrum is associated with the ͑C 1s͒ −1 ͑2 g ͒ −1 configuration. The calculated singlet-triplet splitting of these states is 0.52 eV. Using the experimental binding energy of the C 1s electron, which is approximately 293.1 eV, 39 we find the corresponding core-valence interaction energy to be of the order of 7.6 eV, which is somewhat smaller compared to the situation at the S 2p edge.
It is noteworthy that the intensity in the DIPES does not form a well-defined peak in the range 312-314 eV and that the total intensity seems to be very low. This behavior could be due to the effect of electronic relaxation that is stronger for the C 1s hole in comparison to the S 2p hole and makes a direct comparison of a valence-simulated double ionization spectrum and DIPES more questionable. The structures between 314 and 318 eV are, according to the MP2 corrected MCSCF calculations, due to the states formed from the ͑C 1s͒ −1 ͑2 u ͒ −1 and ͑C 1s͒ −1 ͑5 u ͒ −1 configurations. The computed MCSCF C 1s and S 2p core-valence spectra are somewhat too wide, starting with a lower offset and extending a bit on the high-energy side of the main upper structures. According to MP2 core correlation corrections, we associate the former feature, at least partly, to the dynamical electron correlation of the core electrons in the ground state. At the upper core-valence hole states, static correlation and MO breakdown effects may operate, making the final state less stabilized with respect to the ground state. Unfortunately, highly correlating methods, like methods based on complete active space perturbation theory or coupled cluster theory, are currently not applicable to corevalence states. Another salient feature is the small singlettriplet splitting, only a few tenths of an eV, computed for the ͑C 1s͒ −1 ͑2 g ͒ −1 states, something that reflects the fact that valence-core penetration and exchange interaction is much smaller than, for instance, valence-valence exchange that is visible by the singlet-triplet splittings in molecular valence Auger spectra. 13 ͑C 1s͒ −1 ͑2 u ͒ −1 seems to be an exception to this, with a singlet-triplet splitting of 2 eV, indicating that the carbon localized 2 u orbital collapses into the core upon C 1s ionization, generating large singlet-triplet splitting. This could be parallel to the well-known CO ͑C 1s͒ −1 ͑ ‫ء‬ ͒ case with large singlet-triplet splitting.
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V. SUMMARY
The double ionization spectra of the CS 2 molecule connected to final dicationic states where one vacancy is in an inner-shell orbital ͑S 2p or C 1s͒ and the other vacancy is in a valence shell were recorded using synchrotron radiation at various energies between 220 and 362.7 eV. The spectrum connected to the S 2p vacancy is richly structured whereas the spectrum connected to the C 1s vacancy shows only one distinct band along with some additional features at higher double ionization energies. Both spectra have been compared to the conventional UV valence photoelectron spectrum. It is found that the spectrum connected to the S 2p vacancy can be viewed primarily as a superposition of two normal UV photoelectron spectra, associated with the S 2p 1/2 and S 2p 3/2 states. In the carbon spectrum the stronger ͑C 1s͒ singlet and triplet states are substantially separated in energy. A similar behavior is seen also in the corresponding corevalence coincidence spectra of CO 2 and OCS. 41 This observation may be related to different localization at the C atom of the three valence orbitals.
We have applied a computational procedure based on the complete/restricted active space self-consistent field principle that uniquely can address core-valence hole states. It is shown that although the procedure gives a too wide spectrum, it is capable to make a state-by-state assignment of the spectra. Ground state core correlation, estimated by MP2 theory, was found to recover the shifts seen in the onset of the calculated DIPES. Another salient feature is that the singlet-triplet splitting is strongly dependent on the penetration of the valence cloud into the core, leading to a quite different exchange energy for different pairs of core and valence holes. 
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